Introduction
In the last ten years, electromagnetic continuous casting has attracted a lot of attention due to its unique function in improving surface quality of strand. Vives 1) first showed that this process could improve the surface quality of the strand of aluminum greatly. Several researchers [2] [3] [4] explored the possibility of its use in steel. Asai et al. 5) investigated the surface wave of the meniscus in the magnetic field, and its influence on the quality of the strand. Toh et al. 6 ) studied pressure of the powder film on the shell of strand, and the heat transfer and solidification at the initial stage. They have shown that the electromagnetic field decreased the pressure and slowed down the solidification rate.
The initial solidification of the metal during the continuous casting is complicated, especially in the case of electromagnetic continuous casting. Up to now, the behavior of the initial solidification is still unclear in the heat transfer and the progress of the solid/liquid interface.
The aim of this paper is to investigate influence of the electromagnetic field on the heat transfer and solidification experimentally and numerically.
In order to establish the mathematical model about the heat transfer and solidification in the strand, it is necessary to learn the heat transfer coefficient across the interface between the strand and the mold, to learn the heat generated in the strand and in the mold wall. Therefore, several experiments were carried out to determine these factors.
Experiments

Continuous Casting of Metal
The experimental apparatus is shown in Fig. 1 . The mold was made of copper, and similar to a cold crucible, its wall was separated with 10 slits. The inner diameter of the mold is 94 mm. A coil of 4 turns was around the mold. The frequency of the power was 20 KHz. The magnetic fluxes in the mold were 0, 20, 30, 40 mT, respectively. Tin was melt and heated to 280°C, and was casted in the mold in a speed
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Measurement of Temperature in the Strand
The temperature in the strand during the electromagnetic continuous casting was measured by inserting an array of thermal couples synchronously with the downward movement of the strand, and recording the signals of the thermal couples. The setting positions of the thermal couples were shown in Fig. 4. 
Measurement of Induction Heat in the Mold Wall
In order to measure the heat induced in the mold by the magnetic field, 3 thermal couples were set in the wall of the mold. The thermal couples were set at the positions near the inner surface, near outer surface, and at the middle of the wall, separately. When the magnetic field was applied, the temperature curves of the thermal couples were taken. From the temperature curves, the heat generated was calculated.
Measurement of Heat Transfer Rate cross the
Interface between the Mold and the Metal For this purpose, a special apparatus was built up, as shown in Fig. 2 . A copper block with 2 thermal couples in it was submerged in the liquid tin pool at a definite depth. Another thermal couple was set just ahead of the block. After a sufficiently long time, a static state was reached. (1) where, T is the temperature and the subscripts 1, 2, 3 represent the positions of the thermocouples in Fig. 2 , x is the interval distance between position 1 and 2, k is the heat conductivity of copper.
Measurement of the Magnetic Flux
The magnetic flux was measured with a small coil, which was put in the magnetic field, and the voltage induced in the coil was taken. From the voltage, the magnetic flux was calculated according to Eq. 
...(2)
Where, B is the magnetic flux, T; E is the voltage of the coil, V; N is the turn number of the coil; S is the sectional area of the coil, m 2 ; f is the frequency of the magnetic field, Hz.
The Heat Induced in the Metal
The heat induced in the metal was calculated with Eq. (7) Here, Q, the heat induced; I r , the induction current; f, frequency; m, permeability; r e , resistance; r, diameter; H 0 , intensity of magnetic field; B 0 , the magnetic flux on the surface of metal. Ber(kr), bei(kr), berЈ(kr), and beiЈ(kr) are Bessel Functions.
With measured B 0 , the heat induced was calculated.
Measurement of Initial Point of Solidification
During the continuous casting of tin, a copper wire was inserted into the liquid metal along the wall of the mould, the length of the tin stacked on the rod was taken as the depth of the initial point of the solidification.
In order to observe the profile of the solid shell, master alloy rich in Pb was added to the tin melt. After the casting, the round strand was sectioned longitudinally, and the surface was polished and etched, and the solid shell was revealed.
Mathematical Model of the Solidification
The heat transfer during the electromagnetic continuous casting was shown in Fig. 3 . In order to establish the mathematical model, the following assumptions are made: 1) The fluid flow in the liquid metal is ignored; 2) No gas gap is formed between the solid shell and the mould wall; 3) The properties of the melt and the wall of the mould are constant; 4) The conduction in z direction is ignored.
Because of the intensive cooling on the lateral direction by the cooling water, the heat transfer in the metal and the mold wall was mainly in lateral direction. In the coordination of axial symmetry, the heat conduction equation is as follow: The boundary conditions are (see Fig. 3 )
Here, T a , T b are the temperature at the periphery of the liquid metal and the inner surface of the mold, respectively; T e , T w are the temperature at the outer surface of the mold and the water, respectively; T 0 is the pouring temperature of the metal; T s is the room temperature; Q is heat resources, included the potential heat of solidification and the induction heat. In the metal, the induction heat was as Eq. (3), and in the mold wall the heat was measured as described above. Figure 4 showed the measured temperature curves during the casting. It is shown that with the electromagnetic field the temperature near the periphery of the strand was decreased more slowly than that without electromagnetic field. From the result, the isothermal line in the strand can be drawn out, as shown in Fig. 5 . One can learn that the starting point of the initial solidification was lowered downward due to the electromagnetic field. This behavior of the starting point was also detected by the experiment measuring the starting point with a wire, as shown in Fig. 6 . Along with increase of the electromagnetic field, the starting point of the initial solidification moved down. All these results indicated that the electromagnetic field decreased the heat transfer rate and the solidification rate.
Result and Discussion
The electromagnetic field generated heat in both the metal and the mold wall. The heat decreased the solidification rate. The field also decreased the contact pressure between the metal and the mold wall. From Fig. 6 one can learn that along with the increase of the pressure, the heat transfer rate increased apparently. Therefore, the heat transfer rate decreased in the case of with the electromagnetic field.
During the continuous casting, no convection on the surface of the molten metal in the mold was observed. This is due to that the frequency of the electromagnetic field was high, and the magnetic flux was not large. In this investigation the convection induced by the electromagnetic field and its influence on the heat transfer in the molten metal were ignored. Table 1 showed the starting points of the initial solidification obtained by the numerical simulation and the experiment. The results indicated that with increasing of the elec- 
, ; , . tromagnetic field intensity, the distance between the meniscus of the liquid metal and the starting point of the solidification increased, that means that the starting point of the solidification lowered. In the table, the results of the numerical simulation were less than that of the experiment. This is due to that during the measurement of the starting point with a thin copper wire, the tin mark adhered on the stick was comprised meniscus part and the starting solidification part which is the distance between the contact point of liquid tin with the mold wall and the starting point of the solidification. The numerical result was only starting solidification part. And the experimental observation showed that the height of the meniscus was about 5mm. In aware of this, one can learn that the numerical simulation result was agreed well with that of the experiment. Table 2 compares the influence of the three effects possessed by the electromagnetic field, that is inducing heat in metal, inducing heat in mold wall, and increasing heat transfer resistance on the interface between the metal and the mold, on the starting position of the initial solidification. It was shown that with the same intensity of the electromagnetic field, heating the mold by the induction heat of the field caused the starting point moving down 2.0 mm, heating the metal by the induction heat of the field lowered the point moving down 0.4 mm, and increasing the heat transfer resistance by the field force caused the point moving down 1.0 mm. This means that the effects of heating the mold and increasing the resistance played more important roll in influencing the starting point of the solidification. The lowering of the starting point of the solidification may benefit the surface quality of the strand, because at lower site the initial solidification point may be free from the disturbing of the meniscus.
Conclusion
(1) The electromagnetic field in the mold decreased the heat transfer during the continuous casting.
(2) The starting point of the initial solidification lowered along with the increase of the electromagnetic field intensity.
(3) Among the three effects of the electromagnetic field, i.e., heating the mold wall, increasing the heat transfer resistance between the liquid metal and the mold, and heating the metal, the former two played more important roll in lowering the starting point of the solidification. Table 1 . The position of the starting point of solidification. Table 2 . The calculated result of influence of inducing heat and decreasing the interface heat transfer due to the electromagnetic field on the position of the starting point of solidification. 
